We simulate the interchain polaron recombination process in conjugated polymer systems using a nonadiabatic molecular dynamics method, which allows for the coupled evolution of the nuclear degrees of freedom and multiconfigurational electronic wavefunctions. Within the method, the appropriate spin symmetry of the electronic wavefunction is taken into account, thus allowing us to distinguish between singlet and triplet excited states. It is found that the incident polarons can form an exciton, form a bound interchain polaron pair, or pass each other, depending on the interchain interaction strength and the strength of an external electric field. Most importantly, we found that the formation of singlet excitons is considerably easier than triplet excitons. This shows that in real organic light emitting devices, the electroluminescence quantum efficiency can exceed the statistical limitation value of 25%, in agreement with experiments.
I. INTRODUCTION
Polaron recombination is the key step behind the mechanism of electroluminescence in organic light emitting devices (OLEDs). When two polarons with opposite charges overlap in space, they can recombine to form emissive singlet exciton (SE) or non-emissive triplet exciton (TE). Assuming that the polaron recombination process is spin-independent, simple statistical considerations give a ratio of singlet to the triplet of 1 : 3, which means that the maximum quantum efficiency of fluorescence-based OLEDs would be limited to 25%. Nonetheless, a large number of observations of much higher quantum efficiencies have been reported in OLEDs made from conjugated polymers, including values as high as 83%. [1] [2] [3] [4] [5] [6] A considerable amount of theoretical work focused on understanding the mechanisms underlying exciton formation in conjugated polymers has also been reported. [7] [8] [9] [10] [11] So far, however, a commonly agreed theoretical picture is not available (for a review, see Ref. 12) . On the other hand, SE yield above 25% in conjugated polymers continues to be debated. [13] [14] [15] [16] Recently, An et al. 17 used the simple Su-SchriefferHeeger (SSH) Hamiltonian to simulate the polaron recombination process in conjugated polymers. Since the explicit electron-electron interactions are ignored in the SSH Hamiltonian, singlet and triplet excited states are not distinguishable. Li et al. 18 and Lei et al. 19 simulated the same process by adding Hubbard type electron-electron interactions to the SSH Hamiltonian. Even so, spin contamination could not be avoided in this approach because the unrestricted HartreeFock approximation was used to deal with the electronelectron interactions.
Very recently, Miranda et al. 20 Schrödinger equation for large systems of interacting electrons. The method was designed to take into account the appropriate spin symmetry of the electronic wavefunction by retaining the smallest possible number of configurations that catches the essential features of the electronic wavefunctions, which establishes a compromise between efficiency and accuracy and allows us to distinguish between singlet and triplet excited states. In this paper, we adopt the formalism developed by Miranda et al., briefly described in Sec. II, to investigate the recombination process between a negative and a positive polaron in a coupled two-chain system in the presence of an external electric field. We focus on the differences between the singlet and triplet recombination processes as a function of the interchain strength and as a function of the strength of the external electric field.
II. MODEL AND METHOD
We consider a system composed by two coupled polymer chains. Each chain has 180 sites: the sites in chain 1 are labelled 1−180, while the sites in chain 2 are labelled 181−360, and the number on the leftmost atom of the second chain is 181. The two chains are superimposed in a co-facial configuration. The overall Hamiltonian for this composite two-chain system is given byĤ
The first term in Eq. (1) is the Hamiltonian of the lattice backbone, which is treated classically:
where K is the elastic constant of a σ bond, M the mass of a CH group, and u i the lattice displacement of the ith site from its equidistant position.
The second term in Eq. (1) is the Hamiltonian of the electronic part of the system,
In the above expression, the first contribution denotes the electron transfer integral, expressed as 22
whereĉ † i,s andĉ i,s are the creation and annihilation operators, respectively, for an electron on site i, and
i t e intrachain hopping with j = i ± 1,
interchain hopping (see below) (5) with t 0 denoting the hopping integral of π electrons for zero lattice displacements, α the electron-phonon coupling constant, and t e the symmetry-breaking term, which is introduced to lift the ground state degeneracy. t ⊥ is the orthogonal hopping integral, i.e., the hopping between a site on one chain and a nearest neighbor site on an adjacent chain, and t d the diagonal hopping integral, i.e., the hopping between next nearest neighbor site on adjacent chains. t ⊥ and t d are functions of the interchain distance d, using
where r 0 is the average bond length. The second contribution in Eq. (3) denotes long-range electron-electron interactions and can be written aŝ
where U and V ij denote the on-site and intersite Coulomb interactions, respectively. For V ij , we used the Ohno potential defined as
where β the screening factor and r ij denotes the distance between site i and j. The last contribution in Eq. (3) represents the external electric field and can then be written in the form
where e denotes the electronic charge. In our simulations, the field E(t) is constant after a smooth turn on.
The set of parameters used in the calculations are chosen so as to model cis-polyacetylene. Miranda et al. 21 developed a set of parameters for cis-polyacetylene in order to solve the inconformity of parameters when Coulomb interactions are included in the Hamiltonian. Thus, in this paper, we adopt the parameters developed by them: t 0 = 2.1 eV, α = 3.2 eV/Å, t e = 0.05 eV, K = 21.0 eV/Å 2 , M = 1349.14 eVfs 2 /Å 2 , r 0 = 1.22 Å, U =4.1 eV, and β = 3.4. Within the nonadiabatic molecular dynamics method, the electrons are treated quantum-mechanically and evolve according to the time-dependent Schrödinger equation,
The atoms, on the other hand, are considered as classical particles, governed by Newton equations, and move under the effects of nuclear and electronic contributions,
M
..
The solution of the full many-body problem given in Eq. (11) is generally not possible and approximate methods are necessary. As we have mentioned above, we use a MCT-DHF method introduced in Refs. 20 and 21 to solve this equation. Within this method, the appropriate spin symmetry of the electronic wavefunction is taken into account, thus allowing us to distinguish between singlet and triplet excited states. Equations (11) and (12), which govern the evolution of the system, may be numerically integrated using the method, which was first introduced by Ono and Terai 24 and has been used in our previous papers. [25] [26] [27] [28] It should be noted that the MCTDHF method allows for a manifold of states to be involved in the dynamic process. In particular, in between the initial state of two separated polarons and the final SE or TE state, we observe several intermediate states, the most important one being the state of a bound polaron pair (see Sec. III below).
The starting geometry is a negative polaron in one chain located at site 50 and a positive polaron in the other chain located at site 310. This geometry is obtained by minimizing the total energy of one chain with an extra electron (without the presence of the electric field) and the same for the other chain, but with an extra hole. Then, we join the two chains by gradually adding the interchain interactions. Also, the external electric field is turned on adiabatically in order to avoid extrinsic effects to the dynamics of the system. The negative and positive polarons then move towards each other under the influence of the electric field and depending on their velocity, which in turn depends on the strength of the electric field, they will start to overlap at 200−250 fs after the field was turned on.
In the result section below, we use the staggered order parameter r i (t) and the mean charge densityρ i (t) to analyze and display the lattice and charge density evolution,
where the charge density ρ i,j (t) = s ĉ † i,sĉ j,s . Figure 1 shows the geometries of SE and TE in a single polymer chain, which are obtained by minimizing the total energy of the first excited state of a single polymer chain. The most distinct difference between the two excited states is that the TE is more localized than the SE. This is in agreement with other theoretical predictions and experimental observations. 29, 30 Moreover, the distortion at the center of the SE is shallower than the TE, and the dimerization is also different between the two states. In addition, we note that the value for the exciton singlet-triplet splitting is about 0.7 eV, which is roughly equal to the experimentally observed value in a poly-p-phenylene-vinylene derivative. 5 These different properties of SE and TE indicate that the polaron recombination processes into a SE or a TE also may be different.
III. RESULTS AND DISCUSSIONS
We then turn to the coupled two-chain system. A first set of simulations was carried out for a number of different interchain distances with fixed electric field 0.5 mV/Å. In Fig. 2 , we present the temporal evolution of the mean charge densitȳ ρ i (t) for both singlet and triplet spin states. Panels a1, a2, and a3 correspond to singlet state recombination, while panels b1, b2, and b3 to triplet state recombination. The top, middle, and bottom panels correspond to interchain distances 10 Å, 15 Å, and 20 Å, respectively. At first, we focus on panels a1 and b1. We can see that there are no obvious differences between singlet and triplet polaron recombination processes. Under the influence of the electric field, the two polarons move towards each other and meet after about 250 fs. Then they bind together forming a polaron pair. 31 About 180 fs after their first encounter, the charges of the two polarons cancel each other. It is not difficult to conjecture that the charge cancellation is due to the formation of exciton. In order to verify our conjecture, we draw the evolution of the staggered order parameter r i (t) with the same interchain distance and electric field in Fig. 3. From Fig. 3 , we find a large lattice distortion formed after recombination. By comparing with panels a1 and b1 of occupation numbers (not shown in this paper), we conclude that an exciton is formed in both the singlet and triplet cases.
However, if we increase the interchain distance, very interesting differences appear between the singlet and triplet excited states. For the singlet state, the two polarons recombine into an exciton for interchain distance up to and including d = 18 Å, i.e., very weakly interacting polymer chains. For a slightly greater interchain distance, the interchain interactions become too weak for the the two polarons to overlap sufficiently. In this situation, they pass each other as can be seen from panel a3 in Fig. 2 . In contrast, in the triplet state, the two polarons cannot recombine into an exciton for interchain distance d = 14 Å, i.e., in order for the triplet exciton to form the chains have to interact much stronger than in the singlet case. Instead of recombining, the two polarons bound together forming a stable polaron pair (see Fig. 2, panel b2 ). This occurs for interchain distances between 14 Å and 17 Å. For d > 17 Å, the two polarons pass each other as is shown in panel b3 in Fig. 2 . This clearly shows that SEs are easier formed than TEs in case of large interchain distances.
As can be seen from panels a2 and b2 of Fig. 2 , a stable polaron pair is only formed in the case of the triplet state and not for the singlet state. The polaron pair formation is due to the large energy difference between the incident polarons and the TE, which in the case of weakly interacting chains, prevents direct recombination into the TE state. In the case of the SE, however, the larger exchange energy (energy difference between SE and TE) results in a lower energy difference between the incident polarons and the SE, which facilitates the direct recombination into SE state. 8, 9 Simulations were also carried out for a number of different electric field strengths. It was found that the electric field also affected the polaron recombination processes, but in different ways for singlet and triplet states. In the following, we fixed the interchain distance to d = 10 Å and studied the recombination process for different strengths of the electric field. For the singlet state, our simulations showed that the two polarons recombined into an exciton for E up to 2.6 mV/Å. For a slightly higher field strength, the two polarons passed each other without interacting. In contrast, for the triplet state, the two polarons only recombined into an exciton for field strengths below E = 1.5 mV/Å, and passed each other for field strengths above this value. The difference in the behavior between the two spin states is illustrated in Fig. 4 , which shows the temporal evolution of the mean charge densityρ i (t) for both singlet (top panel) and triplet (bottom panel) states with d = 10 Å and E = 1.5 mV/Å. Similar to the simulations for varying interchain interactions, this shows that the singlet state has a considerably stronger tendency to form an exciton.
IV. CONCLUSIONS
Based on the results presented above, it is possible to understand why the electroluminescence quantum efficiency of the OLED can exceed the statistical limitation value of 25%. In a real OLED, the distances between polymer chains are diverse, and the local electric field strengths are different due to the random orientations of the polymer chains. When two polarons approach each other, a larger fraction of them will recombine into an exciton state if they are in a singlet spin state than if the spin state is a triplet. Consequently, a larger fraction of the polarons in the triplet state will simply pass each other. These polarons will, at a later stage, have the chance to form singlet states that can contribute to the electroluminescence.
In summary, we have simulated the interchain polaron recombination process both for singlet and triplet spin states. We found that the two polarons can recombine into an exciton, bound together forming a polaron pair or pass each other depending on the interchain distance and the electric field strength. Most importantly, we found that the SEs are always easier to be formed than the TEs. This indicates that in a real OLEDs, the electroluminescence quantum efficiency can exceed the statistical limitation value of 25%, in agreement with the experiments.
